Rabinovitch M, Bland RD. Neonatal mice genetically modified to express the elastase inhibitor elafin are protected against the adverse effects of mechanical ventilation on lung growth. Am J Physiol Lung Cell Mol Physiol 303: L215-L227, 2012. First published June 8, 2012 doi:10.1152/ajplung.00405.2011 with O2-rich gas (MV-O2) offers life-saving treatment for newborn infants with respiratory failure, but it also can promote lung injury, which in neonates translates to defective alveolar formation and disordered lung elastin, a key determinant of lung growth and repair. Prior studies in preterm sheep and neonatal mice showed that MV-O2 stimulated lung elastase activity, causing degradation and remodeling of matrix elastin. These changes yielded an inflammatory response, with TGF-␤ activation, scattered elastic fibers, and increased apoptosis, culminating in defective alveolar septation and arrested lung growth. To see whether sustained inhibition of elastase activity would prevent these adverse pulmonary effects of MV-O2, we did studies comparing wild-type (WT) and mutant neonatal mice genetically modified to express in their vascular endothelium the human serine elastase inhibitor elafin (Eexp). Five-day-old WT and Eexp mice received MV with 40% O 2 (MV-O2) for 24 -36 h. WT and Eexp controls breathed 40% O 2 without MV. MV-O2 increased lung elastase and MMP-9 activity, resulting in elastin degradation (urine desmosine doubled), TGF-␤ activation (pSmad-2 increased 6-fold), apoptosis (cleavedcaspase-3 increased 10-fold), and inflammation (NF-B activation, influx of neutrophils and monocytes) in lungs of WT vs. unventilated controls. These changes were blocked or blunted during MV-O2 of Eexp mice. Scattered lung elastin and emphysematous alveoli observed in WT mice after 36 h of MV-O2 were attenuated in Eexp mice. Both WT and Eexp mice showed defective VEGF signaling (decreased lung VEGF-R2 protein) and loss of pulmonary microvessels after lengthy MV-O 2 , suggesting that elafin's beneficial effects during MV-O 2 derived primarily from preserving matrix elastin and suppressing lung inflammation, thereby enabling alveolar formation during MV-O2. These results suggest that degradation and remodeling of lung elastin can contribute to defective lung growth in response to MV-O2 and might be targeted therapeutically to prevent ventilatorinduced neonatal lung injury.
whose lungs are incompletely developed. Several studies have shown that prolonged exposure of developing lungs to cyclic stretch and hyperoxia adversely affect the formation of alveoli, resulting in lung growth arrest (1, 13, 14, 26, 27) . Such failure of lung growth is typically associated with increased lung cell apoptosis (19, 23) and disordered matrix elastin (26, 37, 55) , resulting in a condition that was first described as bronchopulmonary dysplasia (BPD) (42) , herein called neonatal chronic lung disease (CLD).
Elastin plays a major role in mammalian lung development, serving as a formative framework of future alveoli and pulmonary blood vessels. Elastin-null mice die soon after birth from cardiorespiratory failure due to smooth muscle overgrowth in systemic and pulmonary arteries, defective airway branching, and failure of alveolar septation (35, 59) . Numerous reports have linked excess, disordered lung elastin with impaired formation of alveoli and microvessels in lungs of premature infants who have died with CLD (26, 37, 55) . A related study showed that urinary excretion of desmosine, a biomarker of elastin breakdown, increased in the first week of MV-O 2 in newborns with evolving CLD (10) . Fragmentation of elastic fibers in this disease has been attributed to inflammation linked to increased lung elastolytic activity (39, 44, 58) , which may result from infection and/or hyperoxia, conditions that often complicate the course of extremely premature infants (9) . Recent studies showed that mechanical forces can regulate elastase activity in the lung matrix, causing elastin binding sites to unfold and elastic fibers to fragment, which in turn can promote aberrant tissue remodeling and impaired lung function (31, 32) . Consistent with these findings, authentic animal models of CLD induced by prolonged MV-O 2 of premature primates and lambs exhibit lung inflammation and increased elastase activity, resulting in matrix remodeling and lung growth arrest (3, 8, 46, 61) .
We previously showed that newborn mice treated with MV-O 2 for up to 24 h displayed increased lung elastase activity, resulting in elastic fiber degradation and remodeling of the extracellular matrix (ECM) (6) . These changes were linked to activation of transforming growth factor-␤ (TGF-␤) and increased apoptosis, culminating in defective formation of alveoli and pulmonary microvessels, and widely dispersed elastic fibers in distal lung (6, 7, 40) . In a subsequent study, we found that treatment of mechanically ventilated newborn mice with a single dose of recombinant human elafin, a serine elastase inhibitor, suppressed lung elastase activity, as well as matrix metalloproteinase (MMP)-9 activity, thereby preventing MV-O 2 -induced degradation and dispersion of lung elastin, influx of inflammatory cells, TGF-␤ activation, and apoptosis (25) . Elafin treatment also attenuated the defective formation of alveoli seen in the lungs of vehicle-treated control mice after MV-O 2 for 24 h. Earlier studies showed that mutant mice engineered to express human elafin in blood vessels were protected against several forms of cardiovascular and lung injury, including hypoxia-induced pulmonary hypertension (63) , viral myocarditis (62) , myocardial infarction (45) , and models of vascular injury (16, 64) .
We therefore tested the hypothesis that neonatal mice endowed with endogenous elafin would be protected against the adverse effects of prolonged MV-O 2 on matrix elastin and lung growth. Because these mice were genetically modified to express elafin in their lung endothelium, we further hypothesized that elastase inhibition would be sustained beyond the 8-h duration observed after treatment with a single dose of elafin (25) and that targeting expression of elafin to endothelial cells might mitigate the adverse pulmonary vascular effects of MV-O 2 . We indeed discovered that elafin-expressing (Eexp) mice, contrary to wild-type (WT) pups, showed sustained inhibition of lung elastase and MMP-9 activity during MV-O 2 , resulting in suppressed elastin degradation, lung inflammation, TGF-␤ activation, and apoptosis. Scattered lung elastin and emphysematous alveoli observed in WT mice after 36 h of MV-O 2 were attenuated in Eexp mice. These differences in lung structure between WT mice and Eexp mice occurred without apparent benefit of elafin with respect to MV-O 2 -induced disruption of vascular endothelial growth factor (VEGF) signaling or loss of lung microvessels. Thus inhibiting elastase activity in the developing lung exposed to mechanical stretch with O 2 -rich gas helps to preserve matrix elastin and alveolar formation, but without discernible protection against the adverse effects of MV-O 2 on the pulmonary microcirculation.
METHODS
Transgenic mice. This study used transgenic mice generated to express the human serine elastase inhibitor elafin under regulation of the preproendothelin-1 promoter, assuring a high level of transgene expression in the pulmonary and systemic vasculature, with functional activity measured in both lung and heart tissue, as previously reported (62) . These mice were bred into a CD-1 background, with breeding pairs confirmed as homozygous by Southern blot analysis. We used PCR to verify that all mutant mice used in this study expressed the elafin transgene, in contrast to WT pups that did not express the transgene. Preliminary studies showed that lung mRNA expression of human elafin was not significantly different in mechanically ventilated Eexp mice compared with unventilated Eexp controls (Fig. 1) .
Mechanical Ventilation Experiments
Experimental design. The study was designed to test the hypothesis that neonatal mice genetically modified to express in their vascular endothelium the human serine elastase inhibitor elafin would be protected against lung injury induced by prolonged MV-O 2. We used 5-day-old CD1 WT and Eexp mice that weighed 3-5 g (WT 3.9 Ϯ 0.5 g; Eexp 3.7 Ϯ 0.7 g).
Four groups of mice, all born at term gestation, were studied (9 -12 mice per group): WT controls that breathed 40% O 2 without MV; WT pups that received MV-O2; Eexp controls that breathed 40% O2 without MV; and Eexp pups that received MV-O2. Mice randomly selected to receive MV-O2 underwent a tracheotomy after sedation with intramuscular ketamine [ϳ60 g/g body weight (bw)] and xylazine (ϳ12 g/g bw), followed by MV-O 2 at 180 breaths/min from a customized small animal respirator (MicroVent 848; Harvard Apparatus, Holliston, MA) for either 24 or 36 h. Tidal volumes were similar between the MV-O 2 groups (WT 8.5 Ϯ 1.1 l/g bw; Eexp 8.2 Ϯ 1.0 l/g bw). Spontaneously breathing WT and Eexp controls received sedation with ketamine and xylazine for sham surgery (superficial neck incision), after which they breathed 40% O 2 without MV for 24 or 36 h.
Experiments lasting 24 h were performed to harvest lungs for quantitative measurement of elastase and MMP-9 activity, NF-B activation and inflammation, and immunoblot analysis of specific proteins related to the ECM and to lung growth, including pulmonary microvessels. Experiments lasting 36 h were done to harvest lungs for quantitative assessment of lung structure by morphometry and to measure the abundance and distribution of relevant proteins by immunohistochemistry. The longer studies were intended to determine the impact of earlier differences in protease activity and inflammation on subsequent lung elastin deposition and alveolar formation.
Our assisted ventilation protocol was designed to avoid the severe lung injury that typically occurs in response to MV with very high inflation pressures and extreme hyperoxia. Hence, we used relatively modest tidal volumes (ϳ8 l/g bw) and airway pressures (peak 13-20 cmH 2O, mean 4 -6 cmH2O) and limited the inspired O2 fraction to 40%, thereby simulating the MV strategy that has been used to treat infants with respiratory failure. In previous studies (7), similar ventilator settings yielded blood pH and PCO 2 values within the physiological range (pH 7.30 Ϯ 0.12, PCO 2 37 Ϯ 11 mmHg).
During MV, mice were maintained at a neutral thermal environment and fed via an orogastric tube every 2 h, initially with 10% glucose-0.25% saline solution and later with an elemental amino acid-based infant formula (AA Lipil, Mead-Johnson, Evansville, IN), yielding a daily fluid intake of ϳ100 -120 l/g bw, as previously described (6) . All pups received a single intramuscular dose of ampicillin (200 g/g bw) and gentamicin (4 g/g bw) at the start of each study to reduce the risk of infection. Sedation with ketamine and xylazine (10 and 2 g/g bw, respectively) was repeated as needed to minimize spontaneous movement and assure comfort. Urine was obtained by suprapubic needle aspiration when the bladder became visibly distended, and 24-h urine collections were frozen for later measurement of desmosine and creatinine concentrations. At the end of each study, pups were euthanized with an intraperitoneal overdose of pentobarbital sodium, ϳ150 g/g bw, and the lungs were excised for various studies as described below.
All surgical and animal care procedures and experimental protocols were reviewed and approved by the Stanford University Institutional Animal Care and Use Committee. 
Tissue Assays
Serine elastase activity. Lung tissue from 24-h studies was snap frozen in liquid N2 and stored at Ϫ80°C for measurement of serine elastase activity by a modification of a previously described method (6, 8, 63 ) that utilizes DQ-elastin substrate (EnzChek Elastase Assay Kit, Invitrogen, Camarillo, CA, cat. no. E12056). Activity was measured in the presence and absence of the serine proteinase inhibitor N-methoxysuccinyl-Ala-Ala-Pro-Val-chloromethyl ketone (0.01 mmol). The selective serine elastase inhibitor elafin (5 g/ml) was added to some samples, in lieu of the above inhibitor, before DQ-elastin.
MMP-9 activity. Frozen lung tissue from 24-h studies was homogenized in PBS and electrophoresed onto 10% Tris-glycine gel with 0.1% gelatin incorporated as a substrate (Invitrogen, cat. no. EC61752BOX). SDS was removed from the gels by shaking in 2.5% Triton X-100 for 1 h. The gels were equilibrated in Zymogram Developing Buffer (Invitrogen) to add the divalent metal cation required for enzymatic activity. Elastolytic bands were visualized by Coomassie stain. Densitometric quantification of the protease bands was performed using a Gel Documentation System (Bio-Rad, Hercules, CA), as previously described (25, 63) .
Urinary desmosine. Cumulative 24-h and 36-h urine specimens were frozen for subsequent radioimmunoassay measurements of desmosine and colorimetric assay for creatinine, as previously reported (52) .
Protein extraction and immunoblots. Lungs from 24-h studies (n ϭ 4 -6/group) were snap frozen in liquid N2 and stored at Ϫ80°C for later protein extraction and immunoblots, as previously described (7, 40) . Immunoblot analysis was applied to measure the following proteins: cleaved caspase-3, using a 1:250 dilution of rabbit monoclonal antibody (catalog no. 9664, Cell Signaling Technology, Danvers, MA); pSMAD-2, by using a 1:1,000 dilution of mouse monoclonal antibody (catalog no. 3108, Cell Signaling); VEGF-R2, using a 1:200 dilution of rabbit polyclonal antibody (catalog no. sc-504, Santa Cruz Biotechnology, Santa Cruz, CA); p65-NF-B, using a 1:700 dilution of rabbit polyclonal antibody (catalog no. sc-372, Santa Cruz); pIB␣, using a 1:1,000 dilution of mouse monoclonal antibody (catalog no. 9246, Cell Signaling); total IB␣, using a 1:1,000 dilution a mouse monoclonal antibody (catalog no. 4814, Cell Signaling); von Willebrand factor (vWF), using a 1:500 dilution of rabbit anti-human polyclonal antibody (catalog no. ab6994, Abcam, Cambridge, MA); endothelial nitric oxide synthase (eNOS), using a 1:1,000 dilution of mouse anti-human monoclonal antibody (catalog no. 610297, BD Transduction Laboratories, San Jose, CA); and CD-31, using a 1:1,000 dilution of rat anti-mouse monoclonal antibody (catalog no. DIA310, Dianova, Hamburg, Germany).
Membranes with applied antibodies were incubated overnight at 4°C, washed three times in a solution containing 0.1% Tween-20 and Tris-buffered saline buffer, and then incubated at room temperature for 1 h with a dilute (1:5,000) solution of a secondary antibody (goat anti-rabbit IgG-HRP; catalog no. sc-2301, Santa Cruz) conjugated to horseradish peroxidase, followed by three washes. The secondary antibody used for pIB␣ and total IB␣ was a 1:3,500 dilution of goat anti-mouse IgG-HRP (catalog no. 2302; Santa Cruz). Images were detected by chemiluminescence (ECL or ECLϩ Detection Kit, Amersham Life Science, Piscataway, NJ) and quantified by densitometry using a Gel Documentation System (Bio-Rad). Membranes were stripped and reprobed with a 1:5,000 dilution of rabbit polyclonal anti-␤-actin antibody (ab-8227, Abcam) and incubated for 1 h to provide an internal loading control.
Nuclear and cytoplasmic extracts for NF-B-p65 and pIB␣ proteins. Lungs from 24-h studies (n ϭ 3-5/group) were snap frozen in liquid N 2 and stored at Ϫ80°C for later extraction of nuclear and cytoplasmic cell fractions and immunoblot analysis of p65 (nuclear) and pIB␣ (cytoplasm) as indexes of NF-B activation. Harvested lung tissue was pretreated with protease inhibitor (Pierce Biotechnology, Rockford, IL, cat. no. 78410) and homogenized in ice-cold collection buffer supplied in a nuclear protein extraction kit (NE-Per Kit, Pierce Biotechnology, cat. no. 78833). Nuclear and cytoplasmic extracts were obtained according to the manufacturer's instructions, and protein content was quantified by BCA assay. Optimized conditions for immunoblot assays of NF-B-p65 and pIB␣ proteins are reported in the preceding section.
Processing lungs for quantitative histology. Lungs (n ϭ 5-6/ group) were fixed intratracheally with buffered 4% paraformaldehyde (PFA) overnight at 20 cmH2O, as previously described (6, 7). The fixed lungs were excised, their volume was measured by fluid displacement (50), and they were embedded in paraffin for isotropic uniform random sectioning, as previously described (40) . Tissue sections (4 m) were stained with hematoxylin and eosin for quantitative assessment of alveolar area by use of a Bioquant image analysis system (R & M Biometrics, Nashville, TN) (7); radial alveolar counts provided an index of alveolar number (20) . The relative amount and distribution of insoluble cross-linked elastin was assessed by quantitative image analysis of Hart's-stained tissue sections, as previously described (6) .
Immunohistochemical assessment of TGF-␤ activation and apoptosis. To assess nuclear localization of pSmad-2, a marker of TGF-␤ activation, random tissue sections were pretreated for antigen retrieval (Target Retrieval Solution, Dako, Carpinteria, CA), followed by blocking serum and application of primary antibody (rabbit anti-pSmad-2, 1:500, Cell Signaling, Boston, MA), with overnight incubation at 4°C. Immune complexes were visualized with the relevant peroxidasecoupled secondary antibody by using the Vectastain Kit (Vector, Burlingame, CA). Apoptosis was detected by terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assay using the ApopTag In Situ Apoptosis Detection Kit (Chemicon, Temecula, CA) applied to PFA-fixed sections. The Bioquant image analysis system was used to quantify the ratio of stained nuclei to total nuclei in 10 -15 ϫ400-magnification fields in two random sections per animal.
Immunohistochemical staining for monocytes/macrophages and neutrophils. Lungs from 24-h studies (4 -5/group) were instilled intratracheally with IHC Zinc Fixative (BD Pharmingen, San Jose, CA, cat. no. 51-7438KZ) at an inflation pressure of 20 cmH2O overnight at room temperature and were processed as described above for PFA-fixed lungs. Zinc-fixed lung sections were incubated with peroxidase blocking reagent (Dako North America, Carpinteria, CA), then incubated with normal goat serum, and next incubated with antibodies against specific antigens: rat anti-F4/80 (1:400, Abcam), rat anti-Ly-6G (Gr-1) (1:200, eBioscience, San Diego, CA). The slides then were incubated with biotinylated goat anti-rat secondary antibody (1:200, Santa Cruz Biotechnology), washed in PBS and incubated with streptavidin-HRP and diaminobenzidine (ϩ) (Dako North America). Slides were lightly counterstained with hematoxylin I (Richard-Allan Scientific, Kalamazoo, MI). Two tissue sections per animal stained with F4/80 for monocytes/macrophages and with Ly-6G for neutrophils were analyzed by counting the number of positively stained cells in 20 fields at ϫ400 magnification.
Quantification of microvessels (20 -100 m) in distal lung. Lungs from 24-h studies (4 -5/group) were instilled with IHC Zinc Fixative (BD Pharmingen, cat. no. 51-7438KZ) at an inflation pressure of 20 cmH2O overnight at room temperature, and processed as described above. Localization of the endothelial cell marker, CD-31, was done by incubating 4-m zinc-fixed tissue sections with the primary antibody, rat anti-CD-31 (1:100, BD Biosciences, San Jose, CA). Immune complexes were visualized with the relevant peroxidase-coupled secondary antibody, provided in the Vectastain Kit (Vector Laboratories). Quantitative image analysis was used to measure the surface area of CD-31 relative to the surface area of distal lung tissue by use of the Bioquant image analysis system. We then applied a modification of a previously described immunohistochemical and morphometric approach (5) for assessing the number of 20-to 100-m diameter blood vessels in 10 high-power (ϫ400 magnification) fields of distal lung per animal.
RNA extraction and quantitative real-time PCR. Lungs from 8-h studies (6/group) were excised, weighed, snap frozen in liquid N 2, and stored at Ϫ80°C for subsequent two-step mRNA extraction using TRIzol reagent (Invitrogen, Carlsbad, CA) and purification with RNeasy Mini Kit columns (Qiagen, Valencia, CA), as previously described (25) . Quantitative real-time PCR was applied to measure lung mRNA expression of human elafin and interleukin (IL)-1␤ using proprietary primer-probe sets [TaqMan Gene Expression Assays, Applied Biosystems, Foster City, CA; human peptidase-3 (elafin), cat. no. Hs00160066-m1, and mouse IL-1␤, cat. no. Mm00434228-m1].
Statistical Analysis
Data in the text and figures are reported as means Ϯ SD. Two-way analysis of variance and the Bonferroni post hoc test were performed to compare the two groups of controls and two groups of mechanically ventilated WT and Eexp mice. To compare datasets from two groups of mice (immunoblot analysis), we used Student's unpaired t-test or the nonparametric Mann-Whitney test (for data sets with a skewed distribution). Statistical analysis was done by use of Prism 5 software package (GraphPad, San Diego, CA). Differences were considered statistically significant when the P value was Ͻ0.05.
RESULTS

Suppressed Proteolytic Activity and Elastin Breakdown During MV-O 2 in Eexp Mice
MV-O 2 for 24 h caused a twofold increase of both serine elastase activity and MMP-9 activity in lungs of WT mice (Fig. 2) . These MV-O 2 -evoked changes in elastase and MMP-9 activity were suppressed in Eexp mice. Though elafin does not directly inhibit MMPs, by suppressing elastase activity it can inhibit activation of the proform of MMPs and also prevent inactivation of tissue inhibitors of MMPs (30) . Urinary excretion of desmosine, a biomarker of elastin breakdown, increased significantly after 24 h of MV-O 2 in WT mice, but not in Eexp mice (Fig. 3) .
To determine whether inhibition of elastin degradation preserved the normal distribution of elastic fibers at the tips of secondary septa in lungs of Eexp mice exposed to lengthy MV-O 2 , we used quantitative image analysis to assess the amount and distribution of elastin in lung tissue sections treated with Hart's elastin stain. In WT mice, MV-O 2 resulted in elastic fibers being strewn throughout the walls of distal air spaces (Fig. 4) . In contrast, lungs of Eexp mice displayed a normal distribution of elastin at the septal tips, with considerably less dispersion of elastic fibers in alveolar walls after MV-O 2 .
Suppressed Lung Inflammation During MV-O 2 in Eexp Mice
Besides inhibiting elastolytic activity and degradation of elastic fibers, elafin has been reported to suppress activation of the transcription factor NF-B, which in turn can stimulate an inflammatory response in endothelial cells, monocytes, and macrophages exposed to endotoxin and other atherogenic stimuli (12, 24) . We therefore assessed NF-B activation in lungs of WT and Eexp mice by measuring pIB␣, a key positive regulator of NF-B transcriptional activity, and p65 protein, a subunit of the NF-B complex that mediates inflammatory and immune responses. MV-O 2 for 24 h led to a threefold increase in lung content of pIB␣ protein (Fig. 5A ) in WT mice, but Fig. 2 . Increased lung proteolytic activity elicited by MV-O2 is suppressed in elafin-expressing mice. Elastase activity (A) and matrix metalloproteinase (MMP)-9 (B) activity measured in the lungs of 6-day-old wild-type mice after MV-O2 for 24 h is increased when compared with unventilated controls that breathed 40% O2 for 24 h. In contrast, neither lung elastase activity nor MMP-9 activity increased in response to MV-O2 in lungs of elafin-expressing mice. *Significant difference between groups, P Ͻ 0.05. Values are means and SD; n ϭ 4 -5/group for elastase activity, n ϭ 3/group for MMP-9 activity. Fig. 3 . Increased degradation of lung elastin during MV-O2 is suppressed in elafin-expressing mice. Cumulative 24-h urinary excretion of desmosine, normalized to creatinine excretion, is increased in 6-day-old wild-type mice after MV-O2 for 24 h, compared with unventilated controls that breathed 40% O2 for 24 h. In contrast, urinary desmosine excretion was unchanged in response to MV-O2 in elafin-expressing mice when compared with unventilated controls. *Significant difference between groups, P Ͻ 0.05. Values are means and SD; n ϭ 4 -12/group. without a significant increase in lung content of p65 nuclear protein (Fig. 5B) . In contrast, lungs of Eexp mice showed unchanged abundance of pIB␣ protein (Fig. 5A) , and significantly reduced p65 nuclear protein content after 24 h of MV-O 2 (Fig. 5B) . Since NF-B is known to regulate expression of several proinflammatory cytokines, including IL-1␤, we assessed lung expression of IL-1␤ in Eexp mice and found that it was significantly reduced in response to MV-O 2 compared with its expression in lungs of unventilated Eexp controls (data not shown).
Consistent with these findings, MV-O 2 for 24 h evoked an inflammatory response in WT mice, as evidenced by a threefold increase in neutrophils (Fig. 6) , and a lesser but significant increase in monocytes (Fig. 7) in distal lung. The inflammatory response to MV-O 2 was suppressed in Eexp mice, whose lungs exhibited no significant increase of neutrophils (Fig. 6) or monocytes (Fig. 7) after 24 h of MV-O 2 .
Suppressed MV-O 2 Induced TGF-␤ Activation and Apoptosis in Eexp Mice
We previously reported increased TGF-␤ signaling in lungs of newborn mice exposed to MV for 24 h, with or without associated hyperoxia (25, 40) . In this study, lungs of WT mice showed a twofold increase of pSmad-2 protein after MV-O 2 for 24 h (Fig. 8A ) and a sixfold increase in nuclear expression of pSmad-2 protein in distal lung tissue after 36 h of MV-O 2 (Fig.  8B) . These changes, which are indicative of TGF-␤ activation, were abrogated in Eexp mice exposed to MV-O 2 for 24 -36 h (Fig. 8) .
As TGF-␤ activation is known to induce apoptosis of both alveolar epithelial cells (2) and microvascular endothelial cells (36), we assessed apoptosis in lungs of WT and Eexp mice by immunoblot measurement of cleaved caspase-3 after 24 h of MV-O 2 , and by quantitative immunohistochemistry using the TUNEL assay, after 36 h of MV-O 2 . MV-O 2 for 36 h caused a 16-fold increase in apoptosis in lungs of WT mice; this was significantly greater than the increase in lung cell apoptosis noted in Eexp mice (Fig. 9, A and B) . Likewise, the increased lung abundance of cleaved caspase-3 that occurred in WT mice after 24 h of MV-O 2 was suppressed in Eexp mice (Fig. 9C) .
Attenuated Lung Structural Changes After Prolonged MV-O 2 in Eexp Mice
Previous studies showed that MV-O 2 for 24 h inhibits alveolar septation and thereby impairs lung growth in newborn mice (6, 7) . A subsequent study showed that intratracheal treatment of neonatal mice with recombinant human elafin mitigated this MV-O 2 -evoked effect on lung structure (25) . In this study, WT pups received MV-O 2 for a longer period of time (36 h), after which morphometric assessment of lung structure showed a fivefold increase in alveolar size and a 40% reduction in alveolar number as assessed by radial alveolar counts (Fig. 10) . These changes in lung structure were attenuated in Eexp pups that were exposed to MV-O 2 for 36 h. Lung volumes did not increase with MV-O 2 in either WT (Control 77 Ϯ 3 l/g bw; MV-O 2 68 Ϯ 2 l/g bw) or Eexp (Control 75 Ϯ 8 l/g bw; MV-O 2 67 Ϯ 12 l/g bw) pups. These results indicate that structural changes caused by MV-O 2 in WT mice reflect reduced alveolar septation that was attenuated in Eexp mice subjected to MV-O 2 for 36 h.
Elafin Does Not Prevent the Adverse Effects of MV-O 2 on Lung Microvessels
As MV-O 2 can disrupt VEGF signaling, resulting in reduced expression of VEGF-R2 (7, 8) and decreased abundance of microvessels in lung (6), we reasoned that the adverse effects of MV-O 2 on the pulmonary circulation also might be suppressed by endogenous elafin. We found, however, that MV-O 2 for 24 h yielded similar decreases in VEGF-R2 protein (Fig. 11A ) and the number of microvessels (Fig. 11B) in lungs of both WT and Eexp pups. Immunoblot analysis of three other A: summary data (means and SD) showing increased dispersion of lung elastin, assessed by quantitative image analysis of Hart's-stained tissue sections, in 6-day-old wild-type mice after MV-O2 for 36 h, compared with unventilated controls that breathed 40% O2 for 36 h. Lung elastin distribution was virtually unchanged in response to MV-O2 in elafin-expressing mice when compared with unventilated controls. Surface density of lung elastin, expressed relative to total lung tissue area, was assessed by quantitative image analysis of Hart's-stained tissue sections (12 ϫ400 fields/animal). *Significant difference between groups, P Ͻ 0.05. Values are means and SD; n ϭ 4 -6/group. B: representative images of lung tissue sections (ϫ400) showing elastic fiber stain (arrows, darkened areas against yellow counterstained tissue) in distal lung of wild-type mouse (top) compared with elafin-expressing mouse (bottom) after MV-O2 for 36 h. endothelial cell markers, vWF, eNOS, and CD-31, confirmed that endothelial expression of elafin did not mitigate the adverse effects of MV-O 2 on the pulmonary vasculature. MV-O 2 for 24 h reduced lung abundance of vWF and eNOS proteins, and suppressed lung content of CD-31 when compared with unventilated Eexp controls, although the latter difference was not statistically significant (Fig. 11C) . Thus elafin targeted to the pulmonary endothelium did not prevent MV-O 2 -induced loss of lung microvessels but did help to preserve alveolar structure.
DISCUSSION
We recently reported (25) that intratracheal treatment of newborn mice with a single dose of recombinant human elafin at the start of MV-O 2 suppressed lung elastase and MMP-9 activity for 8 h, thus preventing elastic fiber fragmentation and resultant inflammation, TGF-␤ activation, and apoptosis, and enabling lung growth during MV-O 2 for 24 h. In this study we set out to determine whether endogenous expression of elafin in the lungs of newborn mice would yield more sustained suppression of proteolytic activity and protection against the adverse pulmonary effects of MV-O 2 for up to 36 h. We discovered that neonatal mice genetically modified to express elafin in lung endothelium, in response to MV-O 2 , exhibited suppressed lung elastolytic activity, elastin breakdown, inflammation, TGF-␤ activation and apoptosis, and attenuated lung structural abnormalities seen in control mice after MV-O 2 for 36 h. Taken together, these findings provide new insights regarding the pathogenesis and possible prevention of lung growth arrest caused by lengthy exposure to MV-O 2 during early postnatal life. It is noteworthy, however, that endogenous expression of elafin in the lung endothelium did not protect against the adverse effects of MV-O 2 on the pulmonary vasculature, reflected in reduced abundance of endothelial cell markers and loss of lung microvessels observed in both WT and Eexp mice after 24 h of MV-O 2 .
Elafin Targeted to the Lung Endothelium
A low-molecular-weight (ϳ6 kDa) inhibitor of human neutrophil elastase and proteinase-3, elafin is expressed in several human tissues, including lung (41) , where it is secreted by epithelial cells and detectable in airway secretions (48, 49) . Elafin is secreted as a proform, referred to as "preelafin" (also known as "Trappin-2"), which bears a transglutaminase domain that facilitates its adherence to ECM proteins and helps preserve its antiproteolytic action (22) . Elafin does not appear to be expressed in mice (47) , but mutant mice that were engineered to express elafin in lung were protected against injury caused by intratracheal injection of Pseudomonas aeruginosa (51) . In our study, elafin was targeted to the lung endothelium by virtue of its linkage to a preproendothelin-1 promoter, which allows for expansive elafin expression throughout the lung parenchyma. Previous studies with this transgenic mouse model showed high lung expression of the elafin transgene, which mitigated the pulmonary hypertensive response to chronic hypoxia (63) .
Suppression of Lung Elastolytic Activity Prevents Elastic Fiber Fragmentation and Associated Inflammation
In an earlier study (6) we found that MV-O 2 for 8 h caused a fourfold increase of serine elastase activity in lungs of 4-day-old Balb/c mice, resulting in increased tropoelastin production and scattering of elastic fibers throughout the walls of terminal air spaces after 24 h of MV-O 2 . These changes evolved without apparent inflammation, prompting speculation that increased elastase activity derived from lung parenchymal cells, perhaps from smooth muscle cells or fibroblasts, both of which exhibit inducible elastase activity (43, 56, 60) .
In this study, exposure of 5-day-old, WT CD-1 mice to MV-O 2 for 24 h caused a twofold increase of serine elastase activity and MMP-9 activity in lung, and a corresponding increase in urinary excretion of desmosine, a biomarker of elastin degradation. These changes were inhibited in Eexp mice after 24 h of MV-O 2 . Likewise, the associated inflam- Fig. 6 . Lung influx of neutrophils during MV-O2 is suppressed in elafin-expressing mice. A: summary data (means and SD) showing increased numbers of neutrophils (counted in 20 ϫ400 fields) in lungs of 6-day-old wild-type mice after MV-O2 for 24 h, compared with unventilated controls that breathed 40% O2 for 24 h. Neutrophil counts were unchanged in response to MV-O2 in elafin-expressing mice compared with unventilated controls. *Significant difference between groups, P Ͻ 0.05. Values are means and SD; n ϭ 4 -6/group. B: representative images of lung tissue sections (ϫ400) showing neutrophils (arrows, brown stain of Ly-6G neutrophil antibody) in lungs of wild-type (top) and elafin-expressing (bottom) mice after MV-O2 for 24 h. Fig. 7 . Lung influx of monocytes during MV-O2 is suppressed in elafin-expressing mice. A: summary data (means and SD) showing increased numbers of monocytes (counted in 20 ϫ400 fields) in lungs of 6-day-old wild-type mice after MV-O2 for 24 h, compared with unventilated controls that breathed 40% O2 for 24 h. Monocyte counts did not increase significantly in response to MV-O2 in elafinexpressing mice compared with unventilated controls. *Significant difference between groups, P Ͻ 0.05. Values are means and SD; n ϭ 4 -6/group. B: representative images of lung tissue sections (ϫ400) showing monocytes (arrows, brown stain of F4/80 monocyte antibody) in lungs of wild-type (top) and elafin-expressing (bottom) mice after MV-O2 for 24 h. matory response seen in WT mice, as reflected by NF-B activation and alveolar influx of neutrophils and monocytes, was fully suppressed in Eexp mice. Elastase in Eexp mice was associated with decreased dispersion of elastic fibers and reduced apoptosis than was seen in the lungs of WT mice after 24 h of MV-O 2 . Elastin fragments are known to induce pulmonary inflammation and apoptosis and thereby contribute to emphysematous changes in lung structure (4, 27) . Inhibition of elastin degradation and associated inflammation likely helped to reduce the lung structural abnormalities seen in Eexp mice, compared with WT mice, after MV-O 2 for 36 h.
Suppression of TGF-␤ Activation by Elafin
We previously reported that MV-O 2 for 24 h increased TGF-␤ in lungs of preterm lambs, leading to dysregulated elastin production and defective alveolar septation (8) . Similar findings were noted in the lungs of mechanically ventilated newborn mice that showed increased pulmonary expression of pSmad-2, a marker of TGF-␤ activation (40) . A study of adult mice showed that increased elastase activity can trigger the release of growth factors from the lung, including TGF-␤, which can boost tropoelastin production in lung fibroblasts (11) . Another study showed enhanced release of TGF-␤ in cultured human airway smooth muscle cells exposed to neutrophil elastase by a mechanism involving NF-B activation (34) . TGF-␤ has been shown to increase production of tropoelastin mRNA and protein in cultured neonatal lung fibroblasts (38) and to induce apoptosis of pulmonary epithelial and microvascular endothelial cells (2, 36) . Excessive TGF-␤ signaling has been linked to impaired elastogenesis, apoptosis, and defective alveolar septation in the lungs of neonatal mice devoid of latent TGF-␤ binding proteins 3 and 4 (15, 17, 18) . Other reports indicate that overexpression of TGF-␤ in lungs of newborn rodents results in abnormal formation of alveoli and microvessels, similar to the pathology seen in CLD (21, 57) .
In this study, inhibition of increased TGF-␤ signaling in response to MV-O 2 in Eexp mice likely contributed to preserving lung elastin at the tips of secondary septa and reducing the apoptosis seen in lungs of WT mice after MV-O 2 . Thus elafin suppression of TGF-␤ activation may account, at least in part, for stabilizing lung elastin, mitigating apoptosis, and enabling lung growth in Eexp mice during MV-O 2 for 36 h. Our finding that endogenous elafin did not prevent loss of lung microvessels associated with prolonged MV-O 2 suggests that elafin's suppression of TGF-␤ signaling had little or no impact on endothelial cell survival during exposure to cyclic stretch with O 2 -rich gas. This finding also may help to explain why lung growth was not fully preserved during MV-O 2 for 36 h, since VEGF signaling and angiogenesis are critical determinants of normal alveolar formation and lung growth (54) .
Working Model Revisited
In a recent report describing the lung-protective effects of intratracheal delivery of elafin in mechanically ventilated newborn mice, we proposed a working model of lung growth arrest caused by MV-O 2 and the impact of elafin treatment on this form of lung injury (25) . Our thesis was that prolonged cyclic stretch with O 2 -rich gas evokes increased serine elastase activity in lung, which leads to degradation and dispersion of matrix elastin. Fragmented elastic fibers, coupled with NF-B activation, yield an inflammatory response that further stimulates elastase and MMP-9 activity. This increased proteolytic activity causes TGF-␤ activation, which results in increased lung cell apoptosis and matrix remodeling, culminating in defective alveolar septation and lung growth arrest. The impact of elafin treatment was to suppress serine elastase activity induced by MV-O 2 , thereby abrogating fragmentation and dispersion of elastin and suppressing the inflammatory response, notably activation of NF-B and MMP-9, and lung influx of neutrophils and monocytes. Although elastase inhibition is not known to suppress MMPs directly, inhibiting elastase activity has been shown to block activation of the proform of these enzymes and to prevent inactivation of tissue inhibitors of MMPs (30) . Elastase inhibition also may block activation and release of TGF-␤ from the extracellular matrix (11), which in turn may protect against apoptosis and loss of alveolar septa (2, 36) , thus enabling lung growth during MV-O 2 . Our results, using a second experimental approach, namely neonatal mice genetically modified to express elafin in the lung endothelium during MV-O 2 for up to 36 h, are consistent with this hypothetical model of ventilator-induced neonatal lung growth arrest. The apparent failure of endogenous elafin to prevent impaired VEGF signaling and loss of lung microvessels during MV-O 2 may help explain the incomplete maintenance of alveolar growth in Eexp mice exposed to MV-O 2 for 36 h.
Why elafin targeted to the endothelium did not protect against MV-O 2 -induced vascular injury is unclear. Lung expression of human elafin was not reduced to a significant degree by lengthy MV-O 2 of Eexp pups. Although there was less apoptosis noted in lungs of Eexp mice than in WT mice after MV-O 2 for 24 h, we cannot exclude the possibility that lung endothelial cells constituted a greater proportion of the apoptotic cells in Eexp mice than in WT mice after lengthy MV-O 2 . Our finding that elafin expression is linked to NF-B inhibition during MV-O 2 could account for the apparent failure of elafin to preserve the survival of lung endothelial cells exposed to MV-O 2 , as a recent report showed that inhibiting NF-B in neonatal mice disrupts postnatal pulmonary angiogenesis and alveolarization, thereby causing lung growth arrest (29) . This study found that blocking constitutive NF-B activity in lung endothelial cells of newborn mice lessened survival and proliferation of these cells, reduced their expression of VEGF-R2, and impaired in vitro angiogenesis. Thus, by inhibiting NF-B activation during MV-O 2 , elafin may have undermined pulmonary endothelial cell survival while suppressing the inflammatory response to MV-O 2 and preserving matrix elastin.
Our results are consistent with the notion that lung growth is dependent on no fewer than two distinct molecular pathways that regulate the formation of alveoli and microvessels in the developing lung. One such regulatory mechanism appears to encompass the extracellular matrix, more specifically the components that dictate the elastic properties of the lung, namely tropoelastin and the various genes that govern elastin assembly, of which TGF-␤ is a key modulator. A second regulatory Fig. 10 . Impaired alveolar formation elicited by MV-O2 is attenuated in elafin-expressing mice. A: representative lung tissue sections (ϫ200) from 6-day-old wild-type and elafinexpressing mice after MV-O2 for 36 h, showing increased air space size in both groups when compared with unventilated controls that breathed 40% O2 for 36 h. B: summary data (means and SD) for alveolar area, assessed by quantitative image analysis of lung tissue sections from wild-type and elafin-expressing mice after MV-O2 for 36 h, compared with unventilated controls. C: summary data (means and SD) for radial alveolar counts, an index of alveolar number, of lung tissue sections from wild-type and elafin-expressing mice after MV-O2 for 36 h, compared with unventilated controls that breathed 40% O2 for 36 h. Radial alveolar counts decreased significantly after MV-O2 of wild-type mice, whereas there was not a significant reduction seen in the lungs of elafin-expressing mice. *Significant difference between groups, P Ͻ 0.05; n ϭ 4 -5/group. mechanism features a proangiogenic molecular pathway that includes the hypoxia inducible factors, HIF-1␣ and HIF-1␤, VEGF and its receptors, and several downstream targets including nitric oxide and apelin. On the basis of this study's results, elafin, by inhibiting elastase activity and associated inflammation, helps to preserve the integrity of elastic fibers and suppress TGF-␤ signaling during MV-O 2 , thereby limiting apoptosis and alveolar disruption. However, elafin afforded no apparent protection against the adverse effects of MV-O 2 on the proangiogenic regulatory pathway, perhaps related to its inhibition of NF-B, such that VEGF signaling was impaired and pulmonary microvessels were lost.
Clinical Relevance
In newborn infants whose lungs are incompletely developed, a lengthy period of MV-O 2 often leads to a chronic form of respiratory distress that has been designated as "the new BPD" (33), herein described as CLD. Most infants who are afflicted with this disease have been born very prematurely and are at risk of acquiring respiratory distress syndrome. Such infants are typically treated with surfactant, which facilitates effective respiratory gas exchange in response to gentle MV applied with relatively small tidal volumes and modest amounts of extra O 2 . Development of CLD has been linked to increased lung inflammation and elastase activity, resulting in breakdown of lung elastin, documented by increased urinary excretion of desmosine (10, 39) . These observations provided rationale for a clinical trial of ␣ 1 -proteinase inhibitor (␣ 1 -PI) treatment designed to prevent or reduce the severity of CLD in high-risk, extremely premature infants (53) . Although there was no statistically significant difference in the incidence of CLD in infants treated with ␣ 1 -PI compared with infants that received placebo, there was a trend toward less CLD in the ␣ 1 -PI-treated group (P ϭ 0.06), which also had a lower incidence of pulmonary hemorrhage. Despite this intriguing outcome, there have been no subsequent clinical trials testing the potential Fig. 11 . Endogenous elafin expression does not protect against the adverse effects of MV-O2 on the pulmonary circulation. A: immunoblots for VEGF-R2 protein relative to ␤-actin in lungs of 6-day-old wild-type and elafin-expressing mice after breathing 40% O2 for 24 h either without mechanical ventilation (Control) or with MV, showing that lung content of VEGF-R2 protein decreased to a similar degree in both wild-type and elafin-expressing pups. B: MV with 40% O2 for 24 h reduced the number of small arteries (20 -100 m in diameter) in lungs of both wild-type and elafin-expressing neonatal mice. Small arteries were quantified in zinc-fixed lung tissue sections that were immunostained for the endothelial marker CD-31. Bars show average obtained from imaging 10 -15 ϫ400 fields in 2 tissue sections/animal. C: immunoblots for 3 endothelial cell markers, von Willebrand factor (vWf), endothelial nitric oxide synthase (eNOS), and CD-31 [also known as platelet endothelial cell adhesion molecule (PECAM)-1] relative to ␤-actin in lungs of elafin-expressing mice after breathing 40% O2 for 24 h either without MV (Control) or with MV, showing that lung content of vWf and eNOS proteins decreased significantly in response to MV-O2. The pattern of suppression of CD-31 was similar, but the difference between Control and MV groups was not statistically significant (P ϭ 0.12). Values are means and SD; n ϭ 5/group. *Significant difference vs. Control, P Ͻ 0.05. benefit of either ␣ 1 -PI treatment or other more potent, specific elastase inhibitors, such as elafin, in protecting high-risk newborns from the deleterious effects of MV-O 2 . Coupled with our recent report, which showed the feasibility and efficacy of elafin treatment to protect against ventilator-induced lung injury in newborn mice (25) , the results of this study provide further rationale for conducting such a trial.
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